In order to evaluate the crash-worthiness of a car, the dynamic response of the car body has to be correctly obtained at each level of car velocity. For the dynamic analysis, the dynamic properties of auto-body materials need to be identified for various strain rates. One of the typical high strain rate tensile tests is a split Hopkinson bar test. The present experiment has been carried out with a new split Hopkinson bar apparatus specially designed for the dynamic tensile test of sheet metals. The experiment provides stress-strain curves for various strain rates ranged from 2500 to 5000/sec. The experimental results from the both quasi-static and dynamic test are used to construct the Johnson-Cook equation as a constitutive relation, which can be applied to simulate the dynamic behavior of auto-body structures.
INTRODUCTION
The mechanical behavior of materials under dynamic or impact loading is different from that under static loading. When a structure deforms in the dynamic state, the inertia effect and the propagation of stress waves are so important that the material properties are influenced by the strain rate. A high strain rate testing apparatus was devised by Kolsky [1] in 1949, which is known as the split Hopkinson pressure bar [2] . The stressstrain curves for the high strain rate ranged from 1000 to 10000/sec can be acquired from the stress waves propagating through the incident and the transmitted bar in this apparatus. The split Hopkinson pressure bar apparatus can also be used in high strain rate tensile tests with modification, although there are some difficulties in the design of a tension split Hopkinson bar apparatus. While a compression split Hopkinson bar apparatus need not use grips, a tension split Hopkinson bar apparatus needs grips to fix a specimen. The grips must satisfy two conditions: the griping force should be large enough to prevent a specimen from sliding; and the mechanical impedance of grips must be so small that the wave propagation is not disturbed. Unless these conditions were satisfied, the acquired waves would be distorted. The geometry of a specimen used in the tension test is also important. Especially, the length of a specimen should be determined by considering the uniform deformation of a specimen. For the uniform deformation of a specimen, the length of a specimen must be short enough to avoid the inertia effect of a specimen. On the other hand, a short specimen has large end effect, which causes non-uniform deformation. Therefore, determination of the specimen length is so complicated that it needs careful synthesis. The other parts of a tension split Hokpinson bar apparatus are nearly the same as that of a compression split Hopkinson bar apparatus.
Lindholm and Yeakley [3] performed high strain rate tensile tests with hat-typed specimens. Although the test was easy to perform, the design of a specimen was complicated. Nicholas [4] used threaded tensile specimens and demonstrated to obtain high strain rate stress-strain curves for over 20 different materials. In this case, the wave dispersion can occur in the threaded region of a specimen. Ogawa [5] developed a new impact tension-compression split Hopkinson bar apparatus. This experimental technique is used to investigate the dynamic-hysteresis loop and the dynamic Baushinger effect on materials. Staab and Gillet [6] investigated the effect of the specimen size in direct tension split Hopkinson bar tests. When the length to diameter ratio of a specimen is larger than about 1.60, the experimental result showed that the dynamic tensile strength was consistent. Harding and Welsh [7] determined the mechanical properties of reinforced carbon/epoxy composite materials under tensile impact loading and discussed about the difficulties in the design of a tensile split Hopkinson bar apparatus for composite materials. Mason et al. [8] experimentally determined the rate of conversion of plastic work to heat in metals such as 4340 steel, 2024 aluminum and Ti-6Al-4V titanium with a split Hopkinson pressure bar and a high speed infrared detector. Johnson and Cook [9] suggested a constitutive model and determined five material constants in the constitutive relation for materials subjected to large strains, high strain rates and high temperatures. The five material constants are obtained from tension and torsion tests with Hopkinson bar apparatus. Steinberg et al. [10] proposed a constitutive model for the shear modulus and the yield strength as functions of the equivalent plastic strain, the pressure and internal energy. The parameters in the model were determined for 14 metals. Zerilli et al. [11] improved a constitutive relation based on dislocation mechanics and pointed that each material structure type(FCC, BCC, HCP) would have its own constitutive behavior.
In this paper, high strain rate tensile tests have been carried out with a new split Hopkinson bar apparatus specially designed for sheet metals. With the apparatus, tensile tests have been performed for several sheet metals of deep-drawing quality such as SPCEN, SPCC and SPRC. The experiment provides stress-strain curves for various strain rates ranged from 2500 to 5000/sec. The experimental results from the both quasistatic and dynamic test are used to construct the Johnson-Cook equation as a constitutive relation, which is applied to simulate the dynamic behavior of auto-body structures. The five material constants in the JohnsonCook constitutive relation were determined from the experimental data and numerical simulation.
TENSION SPLIT HOPKINSON BAR
The striker tube is fired from the gas gun and impacts the anvil as shown in Fig. 1 . From the impact, the tensile pulse is generated in the incident bar and propagates into the specimen. Fig. 2 represents the schematic diagram of a specimen and a grip. The grips of the apparatus are appropriately designed for plate type specimens. The griping force must be large enough not to allow a specimen to slide. The mechanical impedance of a grip must be as small as possible in order to keep the smallest dispersion of the wave at the region of grips. Grips consist of two parts of small bolts and nuts made of the same material of bars. A part of the incident pulse is transmitted into the specimen and propagates through the transmitted bar as the tensile pulse. The rest of the pulse reflects into the incident bar as the compressive pulse. The transmitted and reflected pulses are measured at the points of the strain gage s 1 and the strain gage s 2 . Strain gages are attached on bars at the equal distance from each end of bars. The signals from the strain gages are monitored and acquired by an oscilloscope. Fig. 3 represents the incident, the reflected and the transmitted pulse acquired with an oscilloscope in the experiment.
The reflected pulse measured by an oscilloscope is used to calculate the strain rate of a specimen with equation (1) . This strain rate is integrated with respect to time in order to obtain the strain of a specimen as represented by equation (2) . The transmitted pulse is used to calculate the stress of a specimen with equation (3) . 
where C is the elastic wave speed in a bar and L s is the effective gage length of a specimen. The subscript R and T mean the reflected and the transmitted pulse respectively. A 0 and A are the area of a bar and a specimen respectively. E is Young's modulus of a bar. A stress-strain curve can be obtained from equation (1), (2) and (3). Fig. 4 is an example of the true stress-true strain curve calculated from the three equations using the reflected and transmitted pulses shown in Fig. 3 . The design concerns of a tension split Hopkinson bar apparatus lies in a striker tube, an incident bar, a transmitted bar, grips and measuring devices. To satisfy the one-dimensional elastic wave propagation theory, a striker tube, an incident bar and a transmitted bar must be in the elastic stress state while the wave propagates through the bars. Since the bars must have the enough mechanical strength not to deform plastically, a maraging steel or 4340 steel is often used. The bars must be long enough to satisfy the one-dimensional theory and to avoid the overlap of the incident and the reflected pulse at the point of the strain gage s 1 . The length to diameter ratio of bar has to exceed the ratio of 20 [2] . The striker tube is made of the same material as bars and its length determines the duration time of the incident pulse as expressed by equation (4) .
where L t is the length of a striker tube. The impact velocity is measured by optical sensors and an oscilloscope. Fig. 5 represents the relation between the pressure in the gas gun and the impact velocity of a striker tube. The minimum impact velocity of a striker tube is about 10 m/sec when the length of a striker tube is 200mm. Figure 5 . The relation between the pressure of a gas gun and the impact velocity of a striker tube.
SPECIMENS AND EXPERIMENTS
The sheet metals used in experiments are SPCEN, SPCC and SPRC which are frequently used for auto bodies and frame panels. The sheet metals are named after JIS. SP is an abbreviation of steel plate, the third C and R represent cold rolled or rolled, the fourth C and E represent the grade of a plate and the last N represents the aging effect.
The quasi-static tensile tests were performed when the strain rates were 0.001/sec and 1/sec. In the quasistatic tensile tests, the Instron 4206 and the Instron 8032 were used. The quasi-static experimental results shown in Fig. 6, 7 and 8 explain that the strain rate effect is remarkable in strength. The test result at the strain rate of 1/sec was chosen as the reference stress-strain curve to determine the constants of the Johnson-Cook constitutive relation. The high strain rate tensile tests were performed with the tension split Hopkinson bar apparatus for a plate type specimen. The strain rate was controlled by the impact velocity of a striker tube, which was controlled by the pressure of a gas gun. The strain rates acquired in the present experiments were ranged from 2500 to 5000/sec. The waves obtained from an oscilloscope were converted into stress-strain curves by equation (1), (2) and (3). Stress-strain curves obtained from quasi-static and dynamic experiments are shown with respect to various strain rates in Fig. 6, 7 and 8. 
JOHNSON-COOK CONSTITUTIVE RELATION
The Johnson-Cook constitutive relation is represented by equation (5).
Where T * is the homologous temperature represented by equation (6) .
The Johnson-Cook equation consists of five material constants such as A, B, n, C and m to be determined. The first bracket in the above equation is a strain hardening term, the second bracket is a strain rate hardening term, and the third bracket is a thermal softening term. The five constants in the Johnson-Cook constitutive relation for SPCEN, SPCC and SPRC are determined through following procedure.
The strain hardening term was determined at the stain rate of 1/sec. When the strain rate is 1/sec, the second bracket is equal to 1 and the third bracket can be neglected at this low strain rate since the temperature change is trivial. To determine the second term, it is necessary to know the relation between the strain rate and the stress at a certain strain as represented by Fig.  9 , 10 and 11. The constant C is determined at the initial yield stress in order to exclude the thermal softening effect. The stresses at the strain rate of 1/sec and at the higher strain rates in the Fig. 9 , 10 and 11 were linearly interpolated in the Johnson-Cook relation to calculate the strain rate sensitivity constant C. In present experiments, the linear interpolation may not be appropriate for sheet metals. For the verification of the linear interpolation, it is necessary to get the stressstrain curves about 1000/sec, which has not been acquired because of the limitation of the apparatus. According to the procedure explained above, the first and the second term have been determined. The experiment about the thermal effect was not performed. Instead, the third term in equation (5) was determined by comparing the high strain rate experimental results at room temperature with the numerical results from the ABAQUS/Explicit analysis for the increase of temperature in a specimen by a plastic deformation. The increase of temperature calculated with ABAQUS/Explicit at a large strain was substituted for the third term in equation (5) . Then the thermal softening constant m could be calculated by comparing the stress from equation (5) with the stress obtained from experiments. Since the constant m is a function of the strain rate and the strain, the constant m is obtained in the average sense for various strains and strain rates. The result from ABAQUS analysis is shown in Fig. 12 . The constants in the Johnson-Cook relation for sheet metals are shown in Table 1 . These constants provide the stress-strain curves for sheet metals at various strain rates. Fig. 13, 14 and 15 are the stress-strain curves estimated with the Johnson-Cook model for sheet metals. The corresponding material constants are provided in table 1. Because the stress-strain curve at the strain rate of 1000/sec results from the linearly interpolated stress-strain curves, there may exists deviation from the experimental curve. 
CONCLUSION
Experiments have been carried out with a new split Hopkinson bar apparatus specially designed for the dynamic tensile test of sheet metals of deep drawing quality. The quasi-static and dynamic tensile tests provided stress-strain curves of sheet metals for various strain rates. Especially the high strain rate stress-strain curves were acquired with a specially designed tension split Hopkinson bar apparatus for sheet metals. The stress-strain curves could be represented by the Johnson-Cook relation. The five constants in the Johnson-Cook relation of sheet metals such as SPCEN, SPCC and SPRC were determined by experiments and numerical simulation with ABAQUS/Explicit. The constants were used to calculate stress-strain curves of sheet metals with respect to strain rates by the JohnsonCook relation.
